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Abstract
　　　　Mitochondrion　is　an　organelle　mainly　found　in　cytoplasm　of　eukaryotic　cells　producing　ATP　by　oxidative
phosphorylation，　which　possesses　its　own　double－stranded　circular　DNA　independently　from　chromosomal
DNA．　Various　types　of　cell　damage　result　in　decrement　of　ATP　production，　triggering　induction　of　apoptosis，
or　worsening　cell　damage．　Decrement　of　ATP　production　due　to　any　cause　leads　to　dysfunction　of　cells，
especially　cells　in　energy－requiring　organs　as　the　brain，　skeletal　muscles，　heart，　and　so　on．
　　　　The　term　“mitochondrial　cytopathies”　means　diseases　caused　by　congenital　mutations　or　deletions　of　the
mitochondrial　DNA，　though，　dysfunction　of　mitochondria　is　also　caused　by　alterations　in　chromosomal　DNA
as　well．　Active　oxygen　molecules　produced　in　mitochondria　damage　mitochondrial　DNA　itself．　The　severity
of　DNA　alterations，　rate　of　dysfunctional　mitochondria　in　the　cell，　the　energy　demand　of　the　cell　vary，
mitochondrial　cytopathies　show　the　diverse　clinical　manifestations　of　mitochondrial　cytopathies　and　the
possibility　of　having　related　to　more　diseases　than　recognized　is　high．
Intrduction Structure　and　function
　　Mitochondria　are　intracytoplasmic　organelles　ubi－
quitously　found　among　eukaryotic　cells　and　play　an
important　role　by　producing　adenosine　triphosphate
（ATP），　which　is　an　essential　energy　source　for　cells．
Mitochondria　possess　double－stranded　circular　DNAs
independent　from　the　chromosomal　DNAs　and　self－
replicate　prior　to　cell　division．　Not　all　the　components
in　mitochondria　are　the　transcription　and　translation
products　of　the　mitochondrial　DNA，　i．e．，　some　compo－
nents　are　the　products　of　the　chromosomal　DNA．
Therefore，　both　congenital　and　acquired　injuries　in　both
mitochondrial　and　chromosomal　DNAs　result　in
dysfunction　of　mitochondria．　The　biology　of　mito－
chondria　and　its　relation　to　mitochondrial　disorders　are
reviewed．
　　Mitochondrion （s ngular　forrn　of　mitochondria）　（Gk
mitos＝thread，　Gk　chondrion＝particle）　is　cytoplasmic
organelle　typically　found　in　most　eukaryotic　cells，　which
is　encl sed　with　the　double　membranes　（bilayers）　and
poss ssing　highly　concentrated　proteins　and　unbalanced
Iipid　compositions．　An　average　eukaryotic　cell　con－
ains　approxima ely　2，000　mitochondria，　occupying
roughly　20　percen 　 f　the　total　volume．　The　principal
role　of　a　mitochondrion　is　the　production　of　adenosine
triphosphate　（ATP）　via　the　process　of　oxidative　phos－
phorylation，　i．e．，　biological　energy　production．　Other
roles　include　apoptosis，　glutamate－mediated　excitotoxic
neur nal　injury，　cellular　proliferation，　regulation　of　the
cellul r　redox　state，　h me　synthesis，　and　steroid　synthesis．
Oxidative　phosphorylation　is　the　terminal　process　of
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cellular　respiration　in　eukaryotes．　During　oxidative
phosphorylation，　electrons　are　transferred　from
nicotinamide　adenine　dinucleotide　（NADH）　or　flavin
adenine　dinucleotide　（FADH2）一created　in　glycolysis，
fatty　acid　metabolism　and　the　Krebs　cycle　（tricarboxylic
acid　（TCA）　cycle）一to　molecular　oxygen，　via　a　series　of
protein　complexes　located　in　the　inner　mitochondrial
membrane．　Protons　are　pumped　from　the　mitochon－
drial　matrix　into　the　interrnembrane　space　as　a　result　of
this　fiow　of　electrons．　This　generates　a　pH　gradient　and
a　trans－membrane　electrical　potential　across　the　mem－
brane．　This　is　a　form　of　potential　energy，　which　is
referred　to　as　a　proton－motive　force．　The　protons　flow
back　into　the　mitochondrial　matrix　via　a　large　protein
complex，　ATP　synthase．
　　The　sizes　of　mitochondria　are　approximately　one
micrometer　in　length　and　O．5　micrometer　in　diameter，
similar　to　bacteri　a，　however，　the　sizes　and　shapes　of
mitochondria　vary　（polymorphic）　under　various　circum－
stances，　and　they　also　divide　and　mutually　fuse．　The
outer　membrane　encloses　the　entire　organelle，　is　mainly
composed　of　cholesterol　and　phosphatidyl　choline，
common　elements　of　the　eukaryotic　cell　membrane．
However，　the　inner　membrane　is　mainly　composed　of
cardiolipin，　uncommon　element　of　the　eukaryotic　cell
membrane　（cardiolipin　is　common　among　plasma
membranes　of　the　prokaryotes　as　Spirochaetes）．　Car－
diolipin　plays　important　roles　in　activation　of　ADP／
ATP　canier，　which　is　tightly　bound　with　the　cardiolipin
molecule．　Cardiolipin　also　stabilizes　the　cell　mem－
brane　by　augmentation　of　the　intermolecular　hydrogen
bond．　The　permeability　of　the　outer　membrane　is
extremely　high．　Because　of　integral　proteins　on　the
membrane　called　porins，　a　voltage－dependent　anion
channel　（VDAC）　passes　molecules　less　than　approxi－
mately　5，000　Daltons　unselectively　through　a　relatively
large　internal　channel　about　2－3　nm．　Larger　molecules
can　be　imported　by　active　transport　through　membrane
transport　proteins．　On　the　contrary，　the　permeability　of
the　inner　membrane　is　extremely　low．　Additionally，
the　gradient　of　an　electrochemical　potential　of　proton
（一150　mV　as　membrane　potential）　produced　by　proton
transfer　using　NADH，　ubiquinone　and　cytochrome　c
hinders　passive　diffusion　of　ions　to　the　matrix　（internal
space　of　mitochondrion）．　Most　of　all　the　ions　and
molecules　require　special　membrane　transporters　to　cross
the　inner　membrane．　The　surface　area　of　the　inner
membrane　is　expanded　several　times　as　wide　as　that　of
the　outer　membrane　because　the　inner　membrane　is
infolded　to　form　cristae　（protrusions　into　the　matrix）
which　is　favorable　to　generate　more　ATP　molecules．
Mitochondria　of　cells　have　greater　demand　for　ATP
contaln　more　crlstae．
Membrane　permeability　transition　（MPT）
Conforrnational　changes　of　the　mitochondrial　mem－
brane　easily　occur　by　adding　specific　inhibitors，　uncou－
plers，　or　simply　calcium　ion．　Those　changes　are　in－
duced　by　the　extreme　augmentation　of　the　peiTmeability
of　the　inner　memb ane，　called　permeability　transition．
Apoptosis　 s　induced　by　opening　the　membrane　permea－
bility　tr nsition　（MPT）　pores　followed　by　release　of
apoptosis－ nducing　factor　（AIF）　and　cytochrome　c．
The　pores　are　formed　in　the　membranes　of　mitochondria
under　certain pathological　conditions　such　as　traumatic
brain　injury　and　stroke．　AIF　is　a　flavin　protein　of　57
kD　and di ectly　（i．e．，　caspase－independently）　induces
fragnientation　of　the　nuclear　DNA　（into　50　kbp　frag－
ments）　and　conde sation　of　chromatin．　The　permea－
bility　transi ion　pore　can　form　when　mitochondria
absorb　too　much　calcium　or　in　response　to　oxidative
stressユ）．　Increasing　membrane　permeability　causes　mito－
chondria　to　become　depolarized，　meaning　that　the
mitochondr al　membrane　potential，　or　difference　in
voltage　between　the　inside　and　outside　of　their　mem－
branes，　is　lost．　Loss　of　the　mitochondrial　membrane
potential　interferes　with　the　production　of　ATP，　the
cell’s　m in　source　of　energy，　because　mitochondria　must
have an　electroche ical　gradient　to　provide　the　driving
fo ce　for　ATP　production．
　MPT　is　one f　the　major　causes　of　cell　death　in　a
varie y　of　conditio s．　For　example，　it　is　key　in　cell
death　in excitotoxicity，　in　which　overactivation　of
glutamate　receptors　causes　excessive　calcium　entry　into
the　cel12－4）．　MPT　also　appears　to　play　a　key　role　in
damage　caused　by　ischemia，　as　occurs　in　heart　attack
and　stroke5）．　Addit ally，　it　is　thought　to　underlie　the
cell　death　induced　by　Reye’s　syndrome，　since　chemicals
that　can　cause　the　syndrome，　like　salicylate　and　val－
pro te　（Depakene　in　commercial　name），　cause　MPT．
MPT　may　also　play　a　role　in　mitochondrial　autophagy6）．
　 The　MPT　pore　forms　at　sites　where　the　inner　and
outer　membranes　meet7）．　Though　the　exact　structure　of
the　MPT　pore　is　still　unknown，　several　proteins　prob－
ably　come　togetherto　form　the　pore，　including　adenine
nucleotide　translocase，　the　mitochondrial　inner　mem－
brane　protein　transporter，　the　protein　transporter　at　the
outer　membr e，　the　outer　membrane　VDAC　and
cyclo hilin－D8）．　Cyclosporin　A　blocks　the　formation
of　the　MPT　pore　by　interacting　with　cyclophilin　from
the　mitochondri l matrix　and　preventing　its　joining　the
pore9）．　High　levels of　Ca2’　within　a　cell　can　cause　the
MPT　pore　to　open　due　to　the　dissipation　of　the
difference　in　charge，　called　peimeability　transition，
across　the　inner　membraneiO）．　The　presence　of　free
radicals，　another　result　of　excessive　intracellular　calcium
concentrations，　can　also　cause　the　MPT　pore　to　open．
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　　In　cell　damage　resulting　from　conditions，　such　as
neurodegenerative　diseases　and　head　injury，　opening　of
the　MPT　pore　can　greatly　reduce　ATP　production，　and
can　cause　ATP　synthase　to　begin　hydrolyzing，　rather
than　producing，　ATP’i）．　This　produces　an　energy
deficit　in　the　cell，　just　when　it　most　needs　ATP　to　fuel
activity　of　ion　pumps　such　as　the　Na’／Ca2’　exchanger，
which　must　be　activated　more　than　under　normal　condi－
tions　in　order　to　rid　the　cell　of　excess　calcium．　MPT
also　allows　Ca2＋to　leave　the　mitochondrion，　which　can
place　further　stress　on　nearby　mitochondria，　and　which
can　activate　ha㎜佃calcium－dependent　proteases　such
as　calpain．　Reactive　oxygen　species　are　also　produced
as　a　result　of　opening　the　MPT　pore．　MPT　can　allow
antioxidant　molecules　such　as　glutathione　to　exit　mito－
chondria，　reducing　the　organelles’　ability　to　neutral　ize
ROS．　ln　addition，　the　electron　transport　chain　may
produce　more　free　radicals　due　to　loss　of　ETC　compo－
nents　such　as　cytochrome　c　through　the　MPT　porei2）．
　　MPT　causes　mitochondria　to　become　permeable　to
smaller　molecules，　which，　once　inside，　draw　water　in　by
increasing　the　organelle’s　osmolar　loadi3）．　This　event
may　lead　mitochondria　to　swell　and　may　cause　the　outer
membrane　to　rupture，　releasing　cytochrome　c．　Cyto－
chrome　c　can　in　turn　cause　the　cell　to　go　through
apoptosis　by　activating　pro－apoptotic　factors．　Other
researchers　contend　that　it　is　not　mitochondrial　mem－
brane　rupture　that　leads　to　cytochrome　c　release，　but
rather　another　mechanism，　such　as　translocation　of　the
molecule　through　channels　in　the　outer　membrane，
which　does　not　involve　the　MPT　pore’‘）．　Much
research　has　found　that　the　fate　of　the　cell　after　an　insult
depends　on　the　extent　of　MPT．　lf　MPT　occurs　to　only
a　slight　extent，　the　cell　may　recover，　whereas　if　it　occurs
more，　it　may　undergo　apoptosis　and　if　it　occurs　to　an
even　larger　degree，　the　cell　is　likely　to　undergo　necrosis．
Matrix
　　The　proteins　in　the　mitochondria　includes　subunits　of
ATP　synthase　and　the　electron－transfer　system，　enzymes
relating　beta－oxidation　of　fatty　acids　and　tricarboxylic
acid　cycle，　proteins　which　import　proteins　produced　by
the　gene　expression　of　chromosomal　DNA　and　so　on．
Approximately　500　kinds　of　proteins　exist　in　mitochon－
dria，　and　the　protein　concentration　is　extremely　high．
However，　protein　composition　varies　among　tissues　due
to　difference　in　organ－specific　gene　expression．　Depen－
ding　on　its　protein　content，　the　matrix　of　mitochondria
may　be　dark　or　bright　under　electron　microscopic
observation．　The　matrix，　the　space　enclosed　by　the
inner　membrane，　also　contains　the　mitochondrial
ribosomes，　transfer　RNA，　and　several　copies　of　mito－
chondrial　DNA　genome．
Electron－transfer　system
　　The　electron－transfer　system　on　the　inner　membrane
receives　the elect ons　from　N　ADH　or　succinic　acid　and
reduces　oxygen　to　water　at　the　end　ofthe　reaction．　The
redox　energy rom　NADH　and　FADH2　is　transferred　to
oxygen molecul 　in　several　steps　via　the　electron　trans－
port　chain． These　energy－rich　molecules　are　produced
within　the　matrix　via　the　citric　acid　cycle　but　are　also
produced　in　the　cytoplasm　by　glycolysis；reducing
equivalents　from　the　cytoplasm　can　be　imported　via　the
malate－aspartate　shuttle　system　of　antiporter　proteins　or
feed　into　the　ele tron　transport　chain　using　a　glycerol
phosphate　shuttle．　Protein　complexes　in　the　inner
membrane　（NADH　dehydrogenase，　cytochrome　c
reductase　and　cytochrome　c　oxidase）　perform　the　transfer
d　the　incremental　release　of　energy　is　used　to　pump
prot ns（H＋）into　the　intemlembrane　space，　This
process　is　eMcient　but　a　small　percentage　of　electrons
may　prematurely　reduce　oxygen，　forming　the　toxic　free
radical　superoxide．　This　can　cause　oxidative　damage　in
the　mitochondria　and　may　contribute　to　the　decline　in
mitochondrial f nction　associated　with　the　aging　proc－
essls）．
　　Pr tein　complexes　composed　by　five　subunits　named
Complexes　1－V　mediate　the　processes　canied　out　by　the
electron　transport　chain．
　　Complex　1　（NADH：coenzyme　Q　（ubiquinone）
oxidoreductase）　uses　the　energy　in　NADH　to　pump
protons　into　the　intermembrane　space　of　the　mitochon－
drion，　pumping　2　protons　per　electron　and　passing　2
electrons　via　coenzyme　Q　to　complex　III．
　　Complex　II　（succinate：　coenzyme　Q　（ubiquinone）
oxidoreduc ase）　accepts　energy　from　succinate　produced
n the　 it ic　acid　cycle　and　passes　it　via　coenzyme　Q　to
complex　III．
　　Complex　III　（coenzyme　Q　（ubiquinol）（reduced
form）：　cytochrome　c　oxidoreductase）　pumps　1　proton
per　el ctron　and　passes　1　electron　vi　a　cytochrome　c　to
complex　IV．
　　Complex　IV　（cytochrome　c　oxidase）　pumps　1　proton
into　the　space　between　the　mitochondrion’s　two　mem－
branes　before　passing　the　electron　to　oxygen　molecule，
which　reacts　 　form　water．
　　Complex　V　（ATP　synthase）　is　a　rotary　complex，
which　allows　approximately　（determining　the　actual
numbe 　i 　very　diflicult）　10　protons　to　enter　the　mito－
chondrial　matrix　along　their　concentration　gradients．
It　uses　the　energy　from　the　gradient　to　form　the　bond
between　a enosin 　diphosphate　（ADP）　and　the　phos－
phate　gr up　to　create　ATP．　The　electron　transfer
flavoprotein：　coenzyme　Q　oxidoreductase　is　also　an
electron－transporting　molecule　and　is　involved　in　the
breakdown　of　fatty　acids　and　amino　acids．　Adenine
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Fig．　1 The　electron－transfer　system　is　composed　by　5　subunits　of　protein　complexes．
University　of　Notre　Dame，　lndiana，　USA）
（Copyright Anthony S．　Serianni，
nucleotide　translocator　is　also　involved　in　oxidative
phospho’rylation　as　an　energy－carrying　molecule．　Each
of　these　complexes　plays　a　vital　role　and　any　slight
mutation　in　any　one　of　the　proteins　of　these　complexes
can　lead　to　cell　death　or　stress，　which　can　both　in　turn
lead　to　a　number　of　diseases．
　　As　the　proton　concentration　increases　in　the　inter－
membrane　space，　a　strong　electrochemical　gradient　is
established　across　the　inner　membrane．　The　protons
can　return　to　the　matrix　through　the　ATP　synthase
complex　and　their　potential　energy　is　used　to　synthesize
ATP　from　ADP　and　inorganic　phosphate．　This　proc－
ess　is　called　chemiosmosis　and　was　first　described　by
Peter　Mitchell　who　was　awarded　the　1978　Nobel　Prize　in
Chemistry　for　his　work．　Part　of　the　1997　Nobel　Prize
in　Chemistry　was　awarded　to　Paul　D．　Boyer　and　John　E．
Walker　for　their　clarification　of　the　working　mechanism
of　ATP　synthase．
Calcium
　　The　concentrations　of　free　calcium　in　the　cell　can
regulate　an　array　of　reactions　and　is　important　for　signal
transduction　in　the　cell．　Mitochondria　store　calcium，　a
process　that　is　one　important　event　for　the　homeostasis
ofcalcium　in　the　cell．　Release　ofthis　calcium　back　into
the　cells　interior　can　initiate　calcium　spikes　or　waves．
These　events　coordinate　processes　such　as　neurotransmit－
ter　release　in　nerve　cells　and　release　of　hormones　in
endocrine　cells．
Mitochondrial　DNA
Mitochondria　contain　DNA　that　is　independent　of
the　DNA locate 　in　the　cell　nucleus．　The　mitochon－
dria are　organelles　that　reproduce　themselves　semi－
autonomously　wi hin　eukaryotic　cells．　The　human
mitoc ondrial　DNA　is　a　double－stranded　circular　DNA
onsisting of 16，569　base　pairs　with　37　genes，　which
encode　13　proteins　（polypeptides），　22　transfer　RN　As　and
two　r bosomal　RNAs．　The　mitochondrial　DNA　is　not
bound　with　a　nuclear　envelope，　does　not　aggregate　to
fo m　chromatin　and　no　intron　is　inserted．　Some　bases
are　considered　as　a　part　of　two　different　genes：　as　the
last　base　of　a　gene　and　the　first　base　of　the　next　gene．
Unlike　prokaryotes　it　is　much　smaller　and　several　copies
are　pres nt．　As mitochondria　contain　ribosomes　and
DNA，　and　are　only　foirmed　by　the　division　of　other
mitochondria，　 t　is　generally　accepted　that　they　were
originally　derived　from　endosymbiotic　prokaryotes．
Some　codo s do　not　follow　the　universal　rules　in　trans－
lation．　lnstead　they　resemble　those　of　bacteria．　For
the　most　part，　the　genetic　code　is　universal，　with　few
exceptions　as　in　those　of　mitochondrial　DNA．　For
most　organisms，　UAA，　U　AG，　and　UGA　are　the　stop
cod ns．　ln　vertebrate　mitochondria，　AGA　and　AGG
are　also　stop　codons，　but　not　UGA，　which　encodes　for
tryptophan　inste d．　AUA　codes　for　isoleucine　in　most
org nisms　but in　vertebrate　mitochondrial　messenger
and　transfer　RNAs，　it　codes　for　methionine．
　　T ere are　many　other　variations　among　the　codes　used
by　other　mitochondrial　RNAs，　which　happen　not　to　be
harnifu1　to　their　organisms，　and　which　can　be　used　as　a
tool　to　detemiine　the　relative　proximity　of　common
ancestiy　of　related　species．　Using　these　techniques，　it　is
estimat d　that　the　first　mitochondrion　evolved，　was
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consumed，　or　developed　around　1．5　billion　years　ago，　as
an　aerobic　prokaryote　in　a　symbiotic　relationship　within
an　anaerobic　eukaryote．　The　endosymbiotic　theory
suggests　that　eukaryotic　cells　first　appeared　when　a
prokaryotic　cell　was　absorbed　into　another　cell　without
being　digested．
　　The　endosymbiotic　theory　was　first　proposed　by
Andreas　Schimper　in　1883．　The　idea　that　plastids　were
originally　endosymbionts　was　first　suggested　by　Kon－
stantin　Mereschkowsky　in　1905，　and　the　same　idea　for
mitochondria　was　suggested　by　lvan　Wallin　in　the　1920s．
These　theories　were　initially　dismissed　on　the　assump－
tion　that　mitochondria　and　plastids　did　not　contain
DNA．　This　was　proven　false　in　the　1960s，　leading
Hans　Ris　to　resurrect　the　idea．　The　endosymbiotic
hypothesis　was　fleshed　out　and　popularized　by　Lynn
Margulis．　ln　her　work　Symbiosis　in　Cell　Evolution　she
argued　that　eukaryotic　cells　originated　as　communities
of　interacting　entities，　including　endosymbiotic　spiro－
chaetes　that　developed　into　eukaryotic　flagella　and
ciliai6）．　This　last　idea　has　not　received　much　accep－
tance，　since　fiagella　lack　DN　A　and　do　not　show　ultras－
tructural　similarities　to　prokaryotes．　She　was　now
admitted　the　refutation　and　excludes　the　hypothesis　in
the　explanation　of　the　origin　of　flagella　and　cilia．
　　Over　70　different　polypeptides　interact　on　the　inner
mitochondrial　membrane　to　form　the　respiratory　chain．
The　vast　majority　of　subunits　are　synthesized　within　the
cytosol　from　nuclear　gene　transcripts，　but　13　essential
subunits　are　encoded　by　the　16．5－kb　mitochondrial
DNAi7）．　The　remainder　is　in　fact　encoded　by　the
nuclear　DNA．　ln　total．　the　mitochondrion　hosts　about
　　　　　　　　　　　　　　　　　　　’
3，000　prote ns，　but　only　about　37　of　them　are　encoded
on　the　mitochondri l　DNA．　Most　of　the　3，000　genes
are　involved　in　a　variety　of　processes　other　than　ATP
production，　such　as　porphyrin　synthesis．　Only　about
3％　of　them　encode　for　ATP　production　proteins．　This
means　mo 　of the　genetic　information　coding　for　the
protein　makeup　 f　mitochondria　is　in　chromosomal
DNA　and　is　involved　in　processes　other　than　ATP
synthesis．　This　increases　the　chances　that　a　mutation
that will　affect　a　mitochondrion　will　occur　in
chromosomal DNA，　which　is　inherited　in　a　Mendelian
pattern． Another　result　is　that　a　chromosomal　muta－
tion　will　affect　a　specific　tissue　due　to　its　specific　needs，
whethe 　those　ma 　be　high－energy　requirements　or　a
need for　the　catabolism　or　anabolism　of　a　specific
neurotr nsmitter　or　nucleic　acid．　Because　several
copies　of　the　mitochondrial　genome　are　carried　by　each
mit chondrion　（2－10　in　humans），　mitochondrial　muta－
tions can be　inherited　maternally　by　mitochondrial
DNA　mutations，　which　are　present　in　mitochondria
inside　the　oocyte　before　fenilization，　or　through　muta－
tions　in　the　chromosomes　as　stated　above．
　　In　humans，　the　heavy　strand　of　mitochondrial　DNA
carries　28　genes　and　the　light　strand　of　mitochondrial
DNA　car ies　only　g　genes．　Eight　of　the　g　genes　on　the
light　strand　code　for　mitochondrial　transfer　RN　A
molec les． The　entire　molecule　is　regulated　by　only
one　regulat ry　region，　which　contains　the　origins　of
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replication　of　both　heavy　and　light　strands．　The　rate　of
mutation　in　mitochondrial　DNA　is　calculated　to　be
about　ten　times　greater　than　that　of　nuclear　DNA，
possibly　due　to　a　paucity　of　DNA　repair　mechanisms．
This　high　mutation　rate　leads　to　a　high　variation
between　mitochondria，　not　only　atnong　different　species
but　also　even　within　the　same　species．　lt　is　calculated
that　if　two　humans　are　chosen　randomly　and　their
mitochondrial　DNA　is　tested，　they　will　have　an　average
of　between　fifty　and　seventy　different　nucleotides．　This
may　not　seem　like　much，　but　when　compared　to　the　total
number　of　nucleotides　of　human　mitochondrial　DNA
molecule　i．e．，　16，569　base　pairs，　as　much　as　O．420ro　of　the
mitochondrial　DNA　varies　between　two　people．　The
base　variations　occur　frequently　in　the　D－loop　（displace－
ment　loop）（explained　thereafter）　region　ofthe　mitochon－
drial　DNA．　The　D一一loop　region　places　on　the　replica－
tion　origin，　and　base　substitutions　in　this　region　are
relatively　harmless　because　no　important　protein　or
RNA　is　coded　in　this　region．　Therefore　the　sequence
analysis　of　this　region　（also　called　the　hypervariable
（HV）　region）　is　advantageous　to　the　forensic　application
for　individual　identification　purposes　in　criminal　cases．
　　Mitochondrial　replication　is　controlled　by　chromo－
somes　in　the　nucleus　and　is　specifically　suited　to　make　as
many　mitochondria　as　that　paiticular　cell　needs　at　the
time．　Human　mitochondrial　DNA　has　three　pro－
moters，　heavy　strand　1，　heavy　strand　2，　and　light　strand
promoters．　The　heavy　strand　1　promoter　transcribes
the　entire　heavy　strand　and　the　light　strand　promoter
transcribes　the　entire　light　strand．　The　heavy　strand　2
promoter　causes　the　transcription　of　the　two　mitochon－
drial　ribosomal　RNA　molecules．　When　transcription
takes　place　on　the　heavy　strand　a　polycistronic　transcript
is　created．　The　light　strand　produces　either　small　tran－
scripts，　which　can　be　used　as　primers，　or　one　long
transcript．　The　production　of　primers　occurs　by　proces－
sing　of　light　strand　transcripts　with　the　Mitochondrial
RNase　P．　The　requirement　of　transcri　ption　to　produce
primers　links　the　process　of　transcription　to　mitochon－
drial　DNA　replication．　Full－length　transcripts　are　cut
into　functional　transfer　RNA，　ribosomal　RNA，　and
messenger　RN　A　molecules．　The　process　of　transcrip－
tion　initiation　in　mitochondria　involves　three　types　of
proteins：　the　mitochondrial　RNA　polymerase，　mito－
chondrial　transcription　factor　A，　and　mitochondrial
transcription　factors　B　l　and　B2．　Polymerase，　factor　A，
and　factor　B　l　or　B2　assemble　at　the　mitochondrial
promoters　and　initiate　transcription．　The　molecular
events　in　initiation　in　vivo　are　unknown，　but　these
factors　are　proved　to　function　as　the　basal　transcription
elements　in　vitro．　ln　vitro　translation　experiment　have
not　yet　been　successfu1，　probably　due　to　the　diMculty　of
isolating　suflficient　mitochondrial　messenger　RNA　and
functional　ribosomal　RNA，　and　possibly　because　of　the
complicated　changes　that　the　messenger　RNA　undergoes
before　it　is　t anslated．
　　Mitochondrial　DNA　polymerase　7　is　used　in　the
copying　of　mi ochondrial　DNA　during　replication．
Because　the　heavy　and　light　strands　on　the　circular
mitochondria 　DNA　molecule　have　different　origins　of
replication，　i 　replicates　in　a　D－loop　configuration．
One　strand　begins　to　replicate　first，　displacing　the　other
strand．　Th s　cont nues　until　replication　reaches　the
origin　 f　r plic tion　on　the　other　strand，　at　which　point
the　other　str nd　beings　replicating　in　the　opposite
directi n．　T is　results　in　two　new　mitochondrial　DNA
molecules．　Each mitochondrion　has　several　copies　of
the　mitochondrial　DNA　molecule　and　the　number　of
mitochondrial　DNA　molecules　is　a　limiting　factor　in
mitoc ondrial　fission．　After　the　mitochondrion　has
enough　mitochondrial　DNA，　membrane　area，　and
memb ane　proteins，　it　can　undergo　fission　to　become
tw 　mi ochondria．　Evidence　suggests　that　mitochon－
dria　can　also　undergo　fusion　and　exchange　genetic
mater al　among　each　other．　Mitochondria　sometimes
forrn　la ge　m trices　in　which　fusion，　fission，　and　protein
exchanges　are　constantly　occurring．
　　Mitochondri 　replicate　their　DNA　and　divide　mainly
in　respo s 　to　 he　 nergy　needs　of　the　cell；　in　other
words， heir　growth　and　division　is　not　linked　to　the　cell
cycle．　When　 he　energy　needs　of　a　cell　are　high，
mit chond ia　grow　and　divide．　When　the　energy　use　is
low，　mitochondria　are　destroyed　or　become　inactive．
Mitochondrial　half－life　is　thought　to　be　about　5－12　days．
At　cell　div sion，　mitochondria　are　distributed　to　the
daughter　cells　more　or　less　randomly　during　the　division
of　the　cytoplasm．　This　phenomenon　relates　to　the
ymptomatic　diversity　in　mitochondrial　cytopathies．
Mitochondria　divide　by　binary　fission　similar　to　bacte－
rial　 ell division．　Unlike　bacteria，　however，　mitochon－
dria　can　mutually　fuse．　Sometimes　new　mitochondria
are　synthesized　in　centers　that　are　rich　in　the　proteins
and　polysomes　needed　for　their　synthesis．
　Mitochondrial　DNA　is　not　transmitted　through
nuclear　DNA，　and　in　most　multicellular　organisms，
viitually　all　mitochondria　are　inherited　from　the
m th r’s　ovum．　Mitochondrial　inheritance　is　therefore
non－Mendelian，　as　Mendelian　inheritance　presumes　that
half　the　genetic　material　of　a　zygote　derives　from　each
par nt．　At　fertilization　of　an　egg　by　a　sperm，　the　egg
nucleus　and　sperm　nucleus　each　contribute　equally　to
the　genetic akeup　of　the　zygote　nucleus．　ln　contrast，
the　mitochondrial　DNA　usually　comes　from　the　egg
only．　The　sperm’s　mitochondria　enters　the　egg，　but　are
almost　always　destroyed　and　do　not　contribute　their
genes　to　the　embryo．　This　was　proven　by　fertilization
of　ubiquitin－labeled　sperm　mitochondria　to　select　them
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for　later　destruction　inside　the　embryoi8）．　The　egg
contains　relatively　few　mitochondria，　but　it　is　these
mitochondria　that　survive　and　divide　to　populate　the
cells　of　the　adult　organism．　Mitochondria　are，　there－
fore，　in　most　cases　inherited　down　the　female　line．
　　This　maternal　inheritance　of　mitochondrial　DNA　is
seen　in　most　organisms，　including　all　animals．　How－
ever，　mitochondria　in　some　plants　can　sometimes　be
inherited　through　the　father．　lt　has　been　suggested　to
occur　at　a　very　low　level　in　humansi9）．
　　Mitochondrial　DNA　is　prone　to　damage　from　free
oxygen　radicals　from　mistakes　that　occur　during　the
production　of　ATP　through　the　electron　transport　chain．
These　mistakes　can　be　caused　by　genetic　disorders，
cancer，　and　temperature　variations．　These　radicals　can
damage　mitochondrial　DNA　molecules　or　change　them，
making　it　hard　for　mitochondrial　DNA　polymerase　7　to
replicate　them．　Both　cases　can　lead　to　deletions，　re－
arrangements，　and　other　mutati　ons．　Recent　evidence
has　suggested　that　mitochondria　have　enzymes　that
proofread　mitochondrial　DNA　and　fix　mutations　that
may　occur　due　to　free　radicals．　lt　is　believed　that　a
DNA　recombinase　found　in　mammalian　cells　is　also
involved　in　a　repairing　recombination　process．　Dele－
tions　and　mutations　due　to　free　radicals　have　been
associated　with　the　aging　process．　lt　is　believed　that
radicals　cause　mutations，　which　lead　to　mutant　proteins，
which　in　turn　lead　to　more　radicals．　This　process　takes
many　years　and　is　associated　with　some　aging　processes
involved　in　oxygen－dependent　tissues　such　as　brain，
heart，　muscle，　and　kidney．　Auto－enhancing　processes
such　as　these　are　possible　causes　of　degenerative　diseases
including　Parkinson’s，　Alzheimer’s，　and　coronary　artery
disease．
　　Because　mitochondrial　growth　and　fission　are　mediat－
ed　by　the　nuclear　DNA，　mutations　in　nuclear　DNA　can
have　a　wide　array　of　effects　on　mitochondrial　DNA
replication．　Despite　the　fact　that　the　loci　for　some　of
these　mutations　have　been　found　on　human　chromo－
somes，　specific　genes　and　proteins　involved　have　not　yet
been　isolated　so　far．　Mitochondria　need　a　certain
protein　to　undergo　fission．　lf　this　protein　made　by　the
nucleus　is　not　present，　the　mitochondria　grow　but　they
do　not　divide．　This　leads　to　giant，　inefficient　mitochon－
dria．　Mutations　in　chromosomal　genes　or　their　gene
products　can　also　affect　mitochondrial　replication　more
directly　by　inhibiting　mitochondrial　polymerase　7　and
can　even　cause　mutations　in　the　mitochondrial　DNA
directly　and　indirectly．　lndirect　mutations　are　most
often　caused　by　radicals　created　by　defective　proteins
made　from　nuclear　DNA．
Mitochondrial　cytopathies
Because　mitochondrion　provides　36　molecules　of
ATP　per　glucose　molecule　in　contrast　to　the　2　ATP
molecules　produced　by　glycolysis　（fermentation），　mito－
chondria　are　 ssential　to　all　higher　organisms．
Although　it is　w ll　known　that　the　mitochondria　con－
vert　organ c　materials　into　cellular　energy　in　the　foiTm　of
ATP，　mitochondr a　play　an　important　role　in　many
metabol c　tasks　as　listed　at　the　beginning　of　the　article．
Some　mitochondrial　functions　are　performed　only　in
specific　types　of　cells．　Mitochondria　in　hepatocytes
contain　enzymes　for　detoxifying　ammonia．　A　mutation
in　the　genes　regulating　any　of　these　functions　can　result
in mitochondrial cytopathies．
　　Mitochondrial　cytopathies　are　a　clinically　heterogene－
ous　group　of　cellular　disorders　arising　as　a　result　of
dysfunction　of the　mitochondrial　respiratory　chain，
mainly aused by　point　mutations　of　chromosomal　or
mitochondrial DNA．　Besides　mutations，　mitochon－
drial　DNA　deletions　generally　occur　de　novo　and　thus，
are　not　her d tary．　As　mentioned　previously，　the　mito－
chondria　conv rt　the　energy　of　food　molecules　into　the
ATP　that　power mos 　cell　functions．　Mitochondrial
cytopathies　comprise　those　disorders　that　in　one　way　or
another　affect　the　function　of　the　mitochondria　and／or
are　due　to　mitochondrial　DNA．　Mitochondrial
cytop thies　take　o 　unique　characteristics　both　because
of　the way　th 　diseases　are　often　inherited　and　because
mitochondria　ar 　so　critical　to　cell　function．　The　sub－
classes　of　thes 　cytopathies　that　have　neuromuscular
disease　symptoms　are　often　referred　to　as　mitochondrial
encephalomyop thies．
　　Mitochondrial　inheritance　behaves　differently　from
autosomal　and　sex－linked　inheritance．　Nuclear　DNA
h s　tw 　copies　per　cell　except　for　germ－line　cells．　One
copy　is　inherited　from　the　father　and　the　other　from　the
mother．　Mitochondria，　however，　contain　their　own
DNA，　and　contain　typically　from　five　to　ten　copies，　all
inherited　from　the　mother．　When　mitochondria　divide，
he　copies of　DNA　present　are　divided　randomly
between　the　two　new　mitochondria，　and　then　those　new
mitochondria　make　more　copies．　As　a　result，　if　only　a
few of　the DNA　copies　inherited　from　the　mother　are
defective，　mitoc ondrial　division　may　cause　most　of　the
defective　copies　to　end　up　in　just　one　of　the　new
mito hondria．　Mitochondrial　cytopathy　begins　to
become　apparent　o ce　the　number　of　affected　mitochon－
dria　reaches　a　certain　level；　this　phenomenon　is　called
thresh d　 xpression．　Single－cell　studies　and　cybrid－cell
studies　have　shown　that　the　proportion　of　mutant
mitochondrial DNA　must　exceed　a　critical　threshold
level　before a　cell　expresses　a　biochemical　abnormality
of　the　mitochondrial　respiratory　chain　（the　threshold
effect）20）．　The　percentage　level　of　mutant　mitochon－
drial　DN　A　may　vary　among　individuals　within　the　same
family，　and　also　among　organs　and　tissues　within　the
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same　individua12i）．　This　is　one　explanation　for　the
varied　clinical　phenotype　seen　in　individuals　with　path－
ogenic　mitochondrial　DNA　disorders．　For　example，　in
individuals　harboring　the　8993T＞G　mutation，　higher
percentage　levels　of　mutated　mitochondrial　DNA　are
seen　in　individuals　presenting　with　Leigh　syndrome　than
in　those　presenting　with　neurogenic　weakness　with
ataxia　and　retinitis　pigmentosa　（NARP）22－2‘）．　Because
mitochondrj　al　cytopathies　can　be　inherited　both　mater－
nally　and　through　chromosomal　inheritance，　the　way　in
which　they　are　passed　on　fi”om　generation　to　generation
can　vary　greatly　depending　on　the　disease．
　　Mitochondrial　genetic　mutations　that　occur　in　the
nuclear　DNA　can　occur　in　any　of　the　chromosomes，
although，　they　vaiy　among　species．　Mutations　inherit－
ed　through　the　chromosomes　can　be　autosomal　domi－
nant　or　recessive　and　can　also　be　sex－linked　dominant　or
recessive．　Chromosomal　inheritance　follows　normal
Mendelian　laws，　despite　the　fact　that　the　phenotype　of
the　disease　may　be　masked．　Because　of　the　complex
ways　in　which　mitochondrial　and　nuclear　DNA　com－
municate　and　interact，　even　seemingly　simple　inheritance
is　hard　to　diagnose．　A　mutation　in　chromosomal
DNA　may　change　a　protein　that　regulates　the　produc－
tion　of　another　certain　protein　in　the　mitochondria　or
the　cytoplasm　and　may　lead　to　slight　noticeable　symp－
toms．　Mitochondrial　disorders　can　be　caused　by　muta－
tions　of　nuclear　DNA　or　mitochondrial　DNA25）．　On
the　other　hand，　there　are　some　devastating　mitochondrial
DNA　mutations　that　are　diagnosed　easily　because　of
their　widespread　damage　to　organs　with　high　consump－
tion　of　energy　as　muscle　and　brain　and　due　to　the　fact
that　they　are　present　in　the　mother　and　all　the　offspring．
However，　if　the　mitochondrial　dysfunction　is　extremely
severe　as　to　be　lethal　to　the　cell　before　birth．　mitochon一
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drial　disorder　may　not　be　diagnosed．　Mitochondrial
genome　mutations　are　passed　on　from　the　mother　to　all
her　offspring　looa／o　of　the　time．　Because　the　number　of
affected　mitochondria　varies　from　cell　（in　this　case，　the
fertilized　oocyte）　to　cell　depending　both　on　the　number
it　inherited　from　its　mother　cell　and　environmental
factors，　which　may　favor　mutant　or　wildtype　mitochon－
drial　DNA，　and　because　the　number　of　mitochondrial
DNA　molecules　in　the　mitochondria　varies　from　around
2　to　10，　the　number　of　affected　mitochondrial　DNA
molecules　inherited　to　a　specific　offspring　can　vaiy
greatly．　lt　is　possible，　even　in　twin　births，　for　one　baby
to　receive　more　than　half　mutant　mitochondrial　DNA
molecules　while　the　other　twin　may　receive　only　a　tiny
fraction　of　mutant　mitochondrial　DNA　molecules　with
respect　to　wildtype．　ln　a　few　cases，　some　mitochondria
or　a　mitochondrion　fi－om　the　speiTrn　cell　enters　the　oocyte
but　paternal　mitochondria　are　actively　decomposed．
　　Mutations　to　mitochondrial　DNA　occur　frequently，
due　to　the lack　of　the　error　checking　capability　of
uclear　DNA．　This　means　that　mitochondrial　dis－
orders　ofしen　occur　spontaneously　and　relatively　oft：en．
Sometimes　the　enzymes　that　control　mitochondrial　and
chromosomal　DNA　duplication　are　defective，　causing
mitochondrial　DNA　mutations　to　occur　at　a　rapid　rate．
　　The effects　of　mitochondrial　cytopathy　can　be　quite
varied．　Since　the　distribution　of　defective　DNA　may
vary　from organ　to　organ　within　the　body，　the　mutation
that　in　one　person　may　cause　diabetes　mellitus　might　in
another　person　cause　heart　failure．　In　addition，　the
severity　of　the　defect　may　be　great　or　smalL　Some
minor　defects　cause　only　exercise　intolerance，　with　no
serious　illness　or　disability．　Other　defects　can　more
severely　affect　the　operation　of　the　mitochondria　and　can
cause　severe　systemic　effects．　Some　mitochondrial　dis－
orders　only　affect　a　single　organ　（such　as　the　eye　in
Leber’s　hereditary　optic　neuropathy），　but　many　involve
multiple　organ　systems　and　often　present　with　prominent
n urologic　and　myopathic　features．　As　a　general　rule，
mitochondrial cytopathies　are　worst　when　the　defective
mitochondr a　are　pr sent　in　organs　with　high－energy
demand　such　as　muscles　or　nerves．　The　mitochondrial
respiratory chain　is　the　essential　final　common　pathway
fbr　aerobic　metabolism，　and　tissues　and　organs　that　are
highly　dependent　upon　aerobic　metabolism　are　preferen－
tially　involved　in　mitochondrial　disordeis26）．　Times　of
onset　of　the　disease　vary　among　patients　because　of　the
reasons　stated　above．
　 Mitochondrial　cytopathies　range　in　severity　ffom
almost　not diagnosable　to　fatal．　They　also　range　in
caus fヒom　inherited　to　acquired　mutations，　though
patients　with　acquired　mutations　are　rare．　Acertain
mutatlon　can　cause　several　different　diseases　depending
n　the　severity　of　the　problem　in　the　mitochondria　and
th 　tissue　the　affected　mitochondria　are　in．　The
A3243G　point　mutation　may　cause　chronic　progressive
external ophthalmoplegia（CPEO），　diabetes　mellitus　and
deafhess，　or　a　s vere　encephalopathy　with　recurrent
strokes　and　epil psy．　Conversely，　several　different
mutatlo s　may　present　themselves　as　the　same　disease．
The　A3243G，　T4274C　point　mutations　and　even　large－
scale　partial　deletions　of　the　mitochondrial　DNA　com－
monly　cause　CPEO．　This　almost　patient－specific　char－
ac erization　of　mitochondrial　cytopathies　makes　them
very　difHcult　to　d agnose　accurately．　Some　diseases　are
observable　at　or　even　befbre　birth（stillbirth　or　unreco9－
nized　in　the　nユost　severe　cases）．　A　high　incidence　of
mid－and　late　pregnancy　loss　is　also　a　common　feature，
which oft n　goes　unrecognized27）．　On　the　contrary，
others　do　n t　show　symptoms　until　late　adulthood．
This　is　because　 he　number　of　mutant　versus　wildtype
mitochondria　varies行om　cell　to　cell　and　tissue　to　tissue
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　う
and　is always　changing．　Mitochondrial　disorders　may
（8）
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present　at　any　age28）29）．　ln　general　terms，　nuclear　DNA
abnorMalities　present　in　childhood　and　mitochondrial
DNA　abnormalities　（primary　or　secondairy　to　a　nuclear
DNA　abnormality）　present　in　late　childhood　or　in　adult
life．　Because　cells　have　multiple　mitochondria，
different　mitochondria　in　the　same　cell　can　have
different　variations　of　the　mitochondrial　DNA　genome．
This　condition　is　referred　to　as　heteroplasmy．　Each
human　cell　contains　thousands　of　copies　of　mitochon－
drial　DNA，　which　at　birth　are　usually　all　identical
（homoplasmy）．　By　contrast，　individuals　with　mito－
chondrial　disorders　resulting　kom　mitochondrial　DN　A
mutations　may　harbor　a　mixture　of　mutant　and　wild－
type　mitochondrial　DNA　within　each　cell　（heteroplas－
my）30）3i）．　When　a　given　tissue　reaches　a　certain　ration
of　mutant　versus　wildtype　mitochondria，　a　disease　will
present　itself．　The　ratio　varies　from　person　to　person
and　tissue　to　tissue，　depending　on　its　specific　energy，
oxygen，　and　metabolism　requirements，　and　the　effects　of
the　specific　mutation．　Mitochondrial　cytopathies　are
very　numerous　and　different．　Apart　from　diseases
definitely　caused　by　abnormalities　in　mitochondrial
DNA，　many　diseases　are　suspected　to　be　caused　in　pait
by　dysfunction　of　mitochondria，　such　as　diabetes　mel－
litus，　forms　of　cancer　and　cardiovascular　disease，　lactic
acidosis，　specific　forms　of　myopathy，　osteoporosis，　Alz－
heimer’s　disease，　Parkinson’s　disease，　stroke，　and　many
more．　Diabetes　mellitus　and　deafness　is　also　a　well－
recognized　clinical　phenotype32）．　Furtheirmore，　mito－
chondrial　DNA　mutations　are　believed　to　play　a　role　in
the　aging　process．　Mitochondrial　dysfunction　is　also
seen　in　a　number　of　different　genetic　disorders，　including
dominant　optic　atrophy　（mutations　in　OPAI）33），　Frie－
dreich　ataxia　（FRDA）3‘），　hereditary　spastic　paraplegia
（SPG7）35），　and　Wilson　disease　（ATP7B）36），　and　also　as
part　of　the　aging　process．　These　are　not　strictly　mito－
chondrial　disorders：　the　term　“mitochondrial　disorder”
　　　　　　　　　　　　　　　　　’
usually　refers　to　primary　disorders　of　mitochondrial
metabolism　affecting　oxidative　phosphorylation．
　　However，　even　though　considerable　clinical　variabil－
ity　exists　among　mitochondrial　cytopathies　and　many
individuals　do　not　fit　neatly　into　one　panicular　category，
some　discrete　categories　of　the　disease　have　been
defined37）38），　based　on　the　most　common　symptoms　and
the　particular　mutations　that　tend　to　cause　them：
　　1．　Chronic　Progressive　external　ophthalmoplegia
　　　　　（CPEO）　（caused　by　deletion　of　mitochondrial
　　　　　DNA　or　mutations　of　chromosomal　DNA）
　　Progressive　external　ophthalmoplegia　is　characterized
by　multiple　mitochondrial　DNA　deletions　in　skeletal
muscle．　The　most　common　clinical　features　include
adult　onset　of　ophthalmoplegia　and　exercise　intolerance．
Additional　symptoms　are　variable，　and　may　include
cataracts，　hearing　loss，　sensory　axonal　neuropathy，　atax一
ia，　depressjon，　hypogonadism，　and　Parkinsonism．　ln
the case　of　 hromosomal　mutation，　which　affects　DNA
polymerase　7　activity，　both　autosomal　dominant　and
autos mal　recessive　inheritance　can　occur：　autosomal　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’
recess ve　inheritance　is　usually　more　severe39）‘O）．　DNA
polymerase　7　gene　（POLG　1）　is　encoded　on　chromosome
1541－43）．
　　2．　Kearn －Sayre　syndrome　（KSS）　（caused　by　dele－
　　　　　tion　of　mitochondrial　DNA）
　　The　syndrome　first　reported　by　Kearns　and　Sayre　in
1958“）　and　recognized　as　a　discrete　disease　entity　in
1965‘5）．　Kearns reported　9　unrelated　patients　with
ophthalmoplegia，　pigmentary　degeneration　of　the　retina，
and　cardiomyopathy　as　leading　features．　Less　consis－
tent　features　were　weakness　of　facial，　pharyngeal，　trunk
and　extremity　muscles，　deafness，　small　stature，　electroen－
cephalographic　cha ges，　and　markedly　increased　cere－
bro inal　fluid　protein．　ln　none　of　the　9　was　a　positive
family　 istoiTy　present．　Shy　et　al．　described　a　21－year－
old　black　woman with　progressive　ptosis，　external
ophthalmoplegia，　retinitis　pigmentosa，　ataxia，　absent
deep tendon　reflexes，　elevated　cerebrospinal　fluid　pro－
tein，　and　histological　features　compatible　with　either
Hurler　syndrome　or　Refsum　disease　in　1967‘6）．　Neither
phytan c　acid　nor　mucopolysaccharide　was　found　in
excess　in　the　tissues，　however．　Hurwitz　et　al．　（1969）47）
describ d the syndrome　in　a　brother　and　sister．　They
and　both　par nts　had　aminoaciduria，　which　was　of
uncertain　relationship　to　the　myopathy．　Clinically　the
myopathy　most　r sembled　that　described　by　Batten　and
Turner．　Ophthalmoplegia　and　floppiness　also　occur
with　myotubular　myopathy，　but　this　entity　was　excluded
by muscle　biopsy　in　the　cases　of　Hurwjtz　et　al　in　1969．
Ross　et　al．　（1969）‘8）　described　the　association　of　chronic
progressive　external　ophthalmoplegia　and　complete
heart　block，　and　noted　4　earlier　reports　of　the　same．
Rose berg　et　al．　（1968）‘9）　reviewed　syndromes　involving
ophthal oplegia．
Kearns－Sayre　syndrome　is　a　disease　caused　by　a　5，000
base　deletion　 n　the　mitochondrial　DNA．　As　such，　it　is
a　rare　genetic　disease　in　that　it　can　be　heteroplasmic，　that
is，　more　than　one　genome　can　be　in　a　cell　at　any　given
time．　A 　with　all　mitochondrial　cytopathies，　it　can
only be　maternally　inherited．　Kearns－Sayre　syndrome
starts　before　the　age　of　20．　lts　expression　is　systemic，
but　many　of　the　most　common　expressions　are　in　the
eyes，　with　ophthalmoplegia　and　retinal　degeneration
c mon　features．　Other　characteristic　features　of　are
dysphagia，　proximal　weakness，　hearing　loss，　cerebellar
atax a　and　cardiac　conduction　defects50）．
　　3．　Pearson　marrow－pancreas　syndrome（caused　by
　　　　　deleti n　of　mitochondrial　DNA）
　　Pe rson　et　al．　（1979）5i）　described　a　new　syndrome　of
refractory　sideroblastic　anemia　with　vacuolization　of
（9）
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marrow　precursors　and　exocrine　pancreatic　dysfunction．
Severe，　transfusion－dependent，　macrocytic　anemia　began
in　infancy　in　4　unrelated　patients．　The　parents　and　all
siblings　were　hematologically　normal．　Both　sexes　were
affected．　No　comment　was　made　concerning　parental
consanguinity．　One　child　had　clinically　evident　malab－
sorption．　This　child　and　one　other　had　extensive
pancreatic　fibrosis　at　autopsy．　The　other　2　children　had
findings　indicative　of　pancreatic　exocrine　dysfunction．
Two　children　had　splenic　atrophy．　Two　patients　died
at　26　and　29　months　of　age．　Two　others　were　alive　at
36　and　42　months　of　age　and　showed　hematological
improvement．　The　Shwachman　syndrome，　which　this
disorder　resembles　in　some　ways，　predominantly　shows
leukopenia．　ln　the　Pearson　syndrome　the　bone　marrow
has　normal　cellularity，　and　vacuolization　is　distinctive．
The　pancreas　shows　fatty　replacement　in　the　Shwach－
man　syndrome，　fibrosis　in　the　Pearson　syndrome．　Bone
lesions　of　Shwachman　syndrome　were　not　found．
Favareto　et　al．　（1989）52）　described　3　patients，　in　2　of
whom　insulin－dependent　diabetes　mellitus　developed
during　the　course　of　their　illness　and　described　the
differences　from　Shwachman　syndrome，　in　which　bone
marrow　dysplasia　and　exocrine　pancreas　failure　also
occurs．　The　disorders　differ　in　bone　marrow　morphol－
ogy．　The　polymorphic　nature　of　the　clinical　pattern　of
Pearson　syndrome　was　emphasized，　however．　Stoddard
et　al．　（1981）53）　reported　a　case　in　which　severe　pan－
cytopenia　developed　unusually　early　in　life　and　fibrosis
of　the　thyroid　was　found　at　autopsy．
　　4．　Leigh　syndrome　（LS），　subacute　necrotizing
　　　　　encephalopathy　（caused　by　mutation　of　mito－
　　　　　chondrial　DNA　or　mutation　of　chromosomal
　　　　　DNA）
　　Leigh　syndrome　is　a　rare　neurometabolic　disorder　that
affects　the　central　nervous　system．　lt　is　an　inherited
disorder，　which　usually　affects　infants　under　2　years　of
age，　but　in　rare　cases，　teenagers　and　adults，　as　well．　ln
this　disease，　mutations　in　mitochondrial　DNA　cause
degradation　of　motor　skills　and　eventually　death．　ln
the　case　of　Leigh　syndrome，　crucial　cells　in　the　brain
stem　have　mutated　mitochondrial　DNA　resulting　in　a
chronic　lack　of　energy　in　the　cells，　which　in　turn　affects
the　central　nervous　system　and　inhibits　an　individual’s
motor　skills．　Other　symptoms　include　anorexia，　vomit－
ing，　irritability，　continuous　crying　（in　infants），　and　sei－
zures．　As　the　disease　progresses　in　adults，　it　may　also
cause　general　weakness，　renal　and　heart　failure　and　is
almost　always　fatal．　There　is　another　fonn　of　this
disease　called　X－linked　Leigh’s　disease，　which　is　not　a
mutation　in　the　oxidative　phosphorylation　enzymes
（which　are　both　on　the　mitochondrial　DNA　and　the
nuclear　DNA）．　X－linked　Leigh’s　disease　is　a　mutation
of　a　gene　encoding　pait　of　the　pyruvate　dehydrogenase
complex，　located　on　the　X　chromosome5‘’58）．
5．　Neuropathy，　at xia，　retinitis　pigmentosa，　and
　 　ptosi 　（NARP）　（caused　by　mutation　of　mito－
　　　chondrial　DNA　or　mutation　of　chromosomal
　　　DNA）
　　NARP　is　a　condition　that　causes　a　variety　of　signs　and
symptoms　chiefly　affecting　the　nervous　system　first　repor－
ted　by　Holt　et　al．　in　199059）．　Beginning　in　childhood　or
early　adulthood，　most　people　with　NARP　experience
numbness，　ti gling，　or　pain　in　the　arms　and　legs　（sensory
neuropathy）；muscle　weakness；and　ataxia．　Many
affect d　individuals　also　have　vision　loss　caused　by　the
g adual deterioration　of　the　light－sensing　cells　in　the
retina　called　retinitis　pigmentosa．　Leaming　disabilities
and　devel pmental　delays　are　often　seen　in　children　with
NARP，　an 　older　individuals　with　this　condition　may
xperienc dementia．　Other　features　of　NARP　include
seizures，　hearing　loss，　and　cardiac　conduction　defects．
These　signs and　symptoms　vary　among　affected　individ－
u ls．
　　Mutations　in　the　MT－ATP6　gene　on　the　mitochon－
drial　DNA　 aus 　neuropathy，　ataxia，　and　retinitis　pig－
mentosa6’）．　T e　MT－ATP6　gene　provides　instructions
for　making　a　protein　that　is　essential　for　normal　mito－
chondrial　functi n．　Through　a　series　of　chemical　reac－
tions，　mitochondria　use　oxygen　and　simple　sugars　to
creat 　adenosine　triphosphate．　The　MT－ATP6　protein
form 　one　subunit　of　ATP　synthase．　Mutations　in　the
MT－ATP6　ge e alter　the　structure　or　function　of　ATP
synthase，　reducing　the　ability　of　ATP　production．　lt
remains　unclear　how　this　disruption　in　mitochondrial
energy　production　leads　to　muscle　weakness，　vision　loss，
and t e　other　specific　features　of　NARP．
　　This　condition　is　maternally　inherited．　Most　indi－
viduals　with　NARP　have　a　specific　MT－ATP6　mutation
in　70　perce t　to　90　percent　of　their　mitochondria．
When　this　mutation　is　present　in　a　higher　percentage　of
a　person’s　mitochondria　一　greater　than　90　percent　to　95
percent　一　it　cause 　a　more　severe　condition　known　as
materna ly　in erited　Leigh　syndrome．　Because　these
two　conditions　result　from　the　same　genetjc　changes　and
can　occur　in　different　members　of　a　single　family，　Leigh
syndrome　and　N　ARP　may　represent　a　spectrum　of
overl pping　features　instead　of　two　distinct　syn－
dromes6i）62）．
　　6．　Mitochondrial　encephalomyopathy，　lactic
　　　　　ac dosis，　and　stroke－like　syndrome（M肌AS）
　　　　　（caused by　mutation　of　mitochondrial　DNA）
　　MELAS　is a　multisystem　disorder　with　onset　typically
occurr ng　in　childhood　following　a　period　of　normal
development．　Early　psychomotor　development　is　usu－
ally　normal，　but　short　stature　is　common．　First　onset　of
symptoms　is　frequently　between　the　ages　of　two　and　ten
years．　The　most　common　initial　symptoms　are　general一
（　10　）
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Fig．　3 Infarction　of　the　left　and　right　occipital　lobes　of　a　girl　who　died　at　the　age　of　5　due　to　MELAS．
mutation　at　the　nucleotide－3243　was　proved　in　mitochondrial　DNA．
A point
ized　tonic－clonic　seizures，　recurrent　headaches，　anorexia，
and　recurrent　vomiting．　Exercise　intolerance　or　prox－
imal　limb　weakness　can　be　the　initial　manifestation．
Seizures　are　often　associated　with　stroke－like　episodes　of
transient　hemiparesis　or　cortical　blindness　beginning
before　age　40．　These　stroke－like　episodes　may　be　as－
sociated　with　altered　consciousness　and　may　be　recur－
rent．　The　cumulative　residual　effects　of　the　stroke－like
episodes　gradually　impair　motor　abilities，　vision，　and
mentation，　often　by　adolescence　or　young　adulthood．
Sensorineural　hearing　loss　is　common．　Most　people
with　MELAS　have　a　buildup　of　lactic　acid　in　their
bodies，　a　condition　called　lactic　acidosis．　lncreased
acidity　in　the　blood　can　lead　to　vomiting，　abdominal
pain，　extreme　fatigue，　muscle　weakness，　and　difficulty
breathing．　Less　commonly，　people　with　MELAS　may
experience　myoclonus，　ataxia，　hearing　loss，　heart　and
kidney　problems，　diabetes，　and　horrnonal　imbal－
ances63－70）．
　　The　diagnosis　of　MELAS　is　based　on　a　combination
of　clinical　findings　and　molecular　genetic　testing．
Mutations　in　the　mitochondrial　DNA　gene　MT－TLI
encoding　tRNA　Leu　（UUR）　are　causative．　The　most
common　mutation，　present　in　over　80％　of　individuals
with　typical　clinical　findings，　is　an　A－to－G　transition　at
nucleotide　3243．　Mutations　can　usually　be　detected　in
mitochondrial　DNA　from　leukocytes　in　individuals
with　typical　MELAS；　however，　the　occurrence　of　heter－
oplasmy　in　disorders　of　mitochondrial　DNA　can　result
in　varying　tissue　distribution　of　mutated　mitochondrial
DNA．　Hence，　the　pathogenic　mutation　may　be　un－
detectable　in　mitochondrial　DNA　from　leukocytes　and
may　be　detected　only　in　other　tissues，　such　as　cultured
skin　fibroblasts，　hair　follicles，　urinary　sediment，　or，　most
reliably，　sk letal　muscle．
　　7．　Myoclonic　epilepsy　and　ragged－red　fibers
　 　　　（MERRF） （caused　by　mutation　of　mitochondrial
　　　　　DNA）
　　MERRF　is　a multisystem　disorder　characterized　by
my clonus，　which　is　often　the　first　symptom，　followed
by　generalized　epilepsy，　ataxia，　weakness，　and　dementi　a．
Onset　is　usually　in　childhood，　occurring　after　normal
early　development．　Common　findings　are　hearing　loss，
short　stature，　optic　atrophy，　and　cardiomyopathy　with
Wolff－Parkinson－White　（WPW）　syndrome．　Occasion－
ally　pigmentary　retinopathy　and　lipomatosis　are　obser－
v d．
　　The　clinical　diagnosis　of　MERRF　is　based　on　the
following fou 　“canonical”　features：　myoclonus，　gener－
alized　epi epsy，　ataxia，　and　ragged－red　fibers　（RRF）　in
the　muscle　biopsy．　The　most　common　mutation，　pres－
ent　in　over　800／ 　of　affected　individuals　with　typical
findings，　is　an　A－to－G　transition　at　nucleotide－8344　in
the　mitochondrial　DNA　gene　MT－TK，　which　encodes
tRN　A　Lys7i）．　Mutations　are　usually　present　in　all
tissues　and　are　conveniently　detected　in　mitochondrial
DNA　from　blood leukocytes．　However，　the　occurrence
of　het roplasmy　in　disorders　of　mitochondrial　DNA　can
result　in　varying　tissue　distribution　of　mutated　mito一一
hondrial　DNA．　Hence，　in　individuals　having　few
symptoms consi tent　with　MERRF　or　in　asymptomatic
maternal relati　ves　of　an　affected　individual，　the　path－
ogenic　mutatio 　may　be　undetectable　in　mitochondrial
DNA　from　leukocytes　and　may　only　be　detected　in　other
（　11　）
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frozen　section．
　　　　　　　郷1
tissues，　such　as　cultured　skin　fibroblasts，　urinary　sedi－
ment，　oral　mucosa，　hair　follicles，　or，　most　reliably，
skeletal　muscle．　Gomori　trichrome　stain　reveals　clumps
of　diseased　mitochondria　accumulating　in　the　subsar－
colemmal　region　of　the　muscle　fiber　and　appear　as
ragged－red　fibers72776）．
　　8．　Leber’s　hereditary　optic　neuropathy　（LHON）
　　　　　（caused　by　mutation　of　mitochondrial　DNA）
　　LHON　or　Leber’s　optic　atrophy　typically　presents　in
young　adults　as　a　painless　subacute　bilateral　visual
failure．　Males　are　more　commonly　affected　than
females．　Women　tend　to　develop　the　disorder　slightly
later　in　life　and　may　be　more　severely　affected．　The
acute　phase　begins　with　blurring　of　central　vision　and
color　desaturation　that　affect　both　eyes　simultaneously
in　up　to　50％　of　cases．　After　the　initial　symptoms，　both
eyes　are　usually　affected　within　six　months．　The　central
visual　acuity　deteriorates　to　the　level　of　counting　fingers
in　up　to　80％of　cases．　Following　the　nadir，　acuity　may
improve．　lndividuals　then　proceed　into　the　atrophic
phase　and　are　usually　legally　blind　for　the　rest　of　their
lives　with　a　permanent　large　centrocecal　scotoma．
Minor　neurologic　abnormalities　（such　as　a　postural
tremor　or　the　loss　of　ankle　reflexes）　are　said　to　be
common　in　indj，viduals　with　LHON．　Some　individ－
uals　with　LHON，　usually　women，　also　have　a　multiple
sclerosis－like　illness．
　　LHON　is　a　mitochondrially　inherited　（mother　to　all
offspring）　degeneration　of　retinal　ganglion　cells　and
their　axons　that　leads　to　an　acute　or　subacute　loss　of
central　vision．　LHON　is　usually　due　to　one　of　three
pathogenic　mitochondrial　DNA　point　mutations．
These mutations　affect　nucleotide　positions　11778，　3460
and　14484，　respectively　in　the　ND4，　NDI　and　ND6
subu it　g ne ．　These　genes　code　for　the　NADH　dehy－
dro enase　protein，　complex　1，　involved　in　the　normal
mitochondrial　function　of　oxidative　phosphorylation．
It　remains　unclear　how　these　genetic　changes　cause　the
death　of　cells　in　the　optic　nerve　and　lead　to　the　specific
features　of　Leber’s　hereditary　optic　neuropathy．　A
significant　percentage　of　people　with　a　mutation　that
causes　Leber’s　hereditaiy　optic　neuropathy　do　not
develop　any　features　of　the　disorder．　Specifically，　more
than　50　p cent　of　males　with　a　mutation　and　more　than
85　percent　of　females　with　a　mutation　never　experience
vision　 oss　or　related　medical　problems．　Additional
factors　may　determine　whether　a　person　develops　the
signs　and　symptoms　of　this　disorder．　Environmental
fac ors　such　as　smoking　and　alcohol　use　may　be
involved，　although　studies　of　these　factors　have
produced　conflicting　results．　Researchers　are　also　inves－
tigating　whethe 　c anges　in　additional　genes，　particular－
Iy genes　on　the　X　chromosome，　contribute　to　the　devel－
opment　of　signs　and　symptoms77－80）．
　　9．　Myoneurogenic　gastrointestinal　encephalopathy
　　　　　（MNGIE）　（caused　by　mutation　of　chromosomal
　　　 　DNA）
　 Mitochondr a 　neurogastrointestinal　encephalopathy
（MNGIE）　disease　is　characterized　by　progressive　gastro－
intestinal　dysmotility　and　cachexia　manifesting　as　early
satiety，　nausea，　dysphagia，　gastroesophageal　reflux，　post－
prandial　emesis，　episodic　abdominal　pain　and／or　disten－
tion，　and　diarrh a；　ptosis／ophthalmoplegia　or　ophthal－
mo aresis；　hear ng　loss；　and　demyelinating　peripheral
（　12　）
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neuropathy　manifesting　as　paresthesias　（tingling，　numb－
ness，　and　pain）　and　symmetrical　and　distal　weakness
more　prominently　affecting　the　lower　extremities．　The
order　in　which　manifestations　appear　is　unpredictable．
Onset　is　usually　between　the　first　and　fifth　decades；　in
about　60Yo　of　individuals，　symptoms　begin　before　age　20
years．　A　cause　of　this　disease　is　thymidine　phosphor－
ylase　deficiency，　mutation　of　the　ECGFI　gene，　which　is
encoding　thymidine　phosphorylase，　thus　MNGIE　dis－
ease　is　inherited　in　an　autosomal　recessive　manner8i－85）．
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ミトコンドリア病の生物学的基礎
塚　本 折口
江別市立病院臨床病理科
【要旨】　ミトコンドリアは主に真核細胞内で染色体DNAと別の環状DNAをもち、酸化的燐酸化によりATP産生を担
う小器官である。一方、種々の細胞傷害によりミトコンドリアはATP産生の減少、アポトーシスの誘導など細胞傷害を
更に悪化させるようにも働く。また原因を問わずATP産生の減少は、あらゆる細胞の機能低下を生じ、特にエネルギー
需要の多い脳、骨格筋、心臓などに顕著である。ミトコンドリア病という名は主にミトコンドリアDNAの先天的異常（点
変異や欠失）による病態を指すが、ミトコンドリアの機能低下は染色体DNAの異常で生じるものもある。またミトコン
ドリアDNAの損傷は自ら産生した酸化物に因っても生じ易く、後天的なものもある。ミトコンドリア病の病態は異常ミ
トコンドリアの占める割合、およびその細胞のエネルギー需要の程度が様々であることから多様性に満ちており、知られ
ている以上に多くの病態に関わっている可能性が高い。
〈キーワード〉　ミトコンドリア、ミトコンドリアDNA、脳筋症、ヘテロプラスミー
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